Using the notion of "hadronic freedom" inferred from the vector manifestation of hidden local symmetry we argue that, contrary to the commonly held belief, the dileptons measured in relativistic heavy-ion collisions do not carry useful information directly relevant to the spontaneous breaking of chiral symmetry and hence to the mechanism for mass generation of light-quark hadrons. The dileptons emitted from those vector mesons whose masses are shifted by the vacuum change in temperature and/or density are strongly suppressed in the hadronic free region between the chiral restoration point and the "flash point" at which the vector mesons recover ∼ > 90% of their free-space on-shell masses and the full strong coupling strength. The spectral function deduced from the dilepton measurements reflects predominantly those vector mesons decaying at the "flash temperature" T f lash ∼ 120 MeV. Thus, only the ρ on-shell spectral function can be reconstructed, and the dileptons measured at invariant masses below the free ρ peak come mostly from the large number of pions interacting strongly and having nothing to do with medium effects of chiral symmetry.
Introduction
In QCD, most of the mass of the ground-state light-quark hadrons, e.g., ∼ > 95% of the ρ meson mass, is understood to be generated dynamically by the spontaneous breaking of chiral symmetry in the complex vacuum, so it is natural to think that by "cleansing" the vacuum, the masses could disappear as the broken symmetry is restored. Based on this general consideration, a prediction was made in 1991 that the masses of light-quark hadrons would drop proportionally to some power of the quark condensate at high temperature and density [1] . This in-medium property of hadrons is referred to in the literature as "Brown-Rho (BR) scaling." It was thought that the "unbreaking" of the symmetry, or equivalently the "shedding" of the mass, can be done by heating the hadronic system to a high temperature (and/or by compressing the matter to a high density). To unravel the vacuum change induced specifically by temperature, efforts have been made to look at the properties of the vector mesons, i.e. ρ and ω, in heavy ion collisions where the temperature could be raised to hundreds of MeV at which chiral restoration is predicted by QCD to take place. It was thought that the properties of the ρ (and ω) meson inside strongly interacting media could be effectively probed with dilepton pairs, which couple to the vector mesons and provide, free of final state interactions, a snap-shot of the vector meson propagating in the medium. Due to the mass shedding in a hot medium, one naturally expected to observe a downward shift of the invariant mass of the vector meson in the spectral functions. The measurement of dileptons, which is the classical tool for discovering new resonances in particle physics, is used to see how the known ρ resonance in free space moves in a hot medium.
Several such experiments have been performed recently. For reasons which will become clear below, we will focus specifically on the NA60 [2] experiment, although our discussion applies to other dilepton measurements such as CERES, etc. What came out of the experiment is disappointing but interesting nonetheless: The spectral function from the NA60 data shows a widely broadened bump centered around the free-space ρ peak, but there seems to be no sign of a mass shift. From this, it was concluded in all subsequent International Quark Matter meetings -wrongly as we will argue below -that "Brown-Rho scaling is ruled out."
First of all, as pointed out in [3] , the dileptons carry full information on the ρ meson spectral function provided the assumption of vector dominance is valid. This is, however, not correct in the vector manifestation [4] of hidden local symmetry (HLS) [5] , which we shall show describes the heavy ion experiments as the temperature goes downward from T c until freezeout, the density also decreasing. In this case the electromagnetic coupling is governed by the parameter a of HLS theory (see Appendix) that runs with temperature and density, but systematically decreases the dilepton cross section by a factor of ∼ 1/4 for off-shell ρ mesons.
1 An equal number of dileptons come from other charged particles, such as π + π → γ → dileptons that have nothing to do with the ρ spectral function. We shall show that on the hadronic side of the interaction there is a phase space as well as a dynamical factor that cuts down the dileptons associated with the ρ spectral function, so that in the end the off-shell ρ is suppressed by a factor of up to ∼ 10. Thus, the only ρ's that are observed which give relevant information about the ρ spectral function are the on-shell ones. On top of this, an equal number of on-shell ρ's come from a 1 → ρ + π, the ρ being on shell, so the production of the off-shell ρ's is roughly ∼ < 1/10 that of the on-shell ρ's.
Thus, although the dilepton experiments employing muon pairs have been carried out with much greater precision in the NA60 experiments, they contain only information about the on-shell ρ's 2 , which is much more easily obtained in other ways.
In this paper we shall first discuss the STAR dipion measurements [7] which do show Brown-Rho scaling as the analysis of Shuryak and Brown [8] showed. Although a different language was used there, these authors found that these STAR experiments showed the ρ which was "in-medium on-shell" to have an energy that was 28 MeV lower than its bare mass, as estimated by Brown and Rho. As we develop later, in most cases BR scaling cannot, by definition, be direct, but is evidenced by the scaling with temperature or density by parameters -i.e., via intrinsic dependence -in the Lagrangian.
Experimental Indications
Let us start by summarizing various experimental results that are relevant to our problem.
STAR dipions
We can learn a lot from the STAR dipion experiments [7] and the interpretation of Shuryak and Brown. The preliminary fits gave m * ρ = 0.698 ±0.013 GeV in Au + Au and 0.729 ± 0.006 GeV in pp. We shall be chiefly interested in the 70 MeV downward shift in Au + Au. Fachini et al. [9] derive a ρ 0 (770) mass and lower than those at zero density and temperature. On/off-shell in the sliding medium, i.e., a "Swelled Universe" [1, 6] , will be denoted, to avoid confusion, with a quotation mark. 2 One could simply say that the experiment did "see" the very familiar ρ's in a different setting. An apt analogy: "If it looks like a duck, waddles like a duck and quacks like a duck, then it must be a duck."
shift of ∼ −40 MeV in the pp collisions concluding that there are significant scattering interactions compared with the −23 MeV found by Shuryak and Brown. From [10] it is known that the hadroproduced ρ has a mass
whereas for the leptoproduced ρ m l ρ = 775.9 ± 0.5MeV.
Thus, there is already a lowering of the hadroproduced ρ because of baryon number presence. Fachini et al.
give other indications and one should remember that similar effects were found in many reactions in the CERN SPS data.
Although certainly present, these rescattering effects on the pp collisions are difficult to quantify, whereas we can deal with the Brown-Rho scaling in simplest possible form; namely, in-medium "on-shell".
Here are some of the effects that should be seen from the presence of the ρ meson.
(1) The admixture of the ρ meson with the states of the resonance gas a 1 (1260), a 2 (1320), K 1 (1270), K 2 (1430), and N * (1520). Note that the N * (1520) pushes the ρ meson up slightly in mass and must be overcome in order to have any BR scaling. From Table 1 of [8] we have a negative shift of the ρ meson mass from the resonances of ∼ −30 MeV.
(2) The freezeout density in nucleons was estimated in [8] to be 0.05n 0 where n 0 is nuclear matter density. However, including ∆'s increases it to 0.15n 0 . Taking the BR expression for in-medium "on-shell"
this gives a shift of
An additional shift of
comes from the scalar densities in ρ, ω, and K * . Thus, the BR scaling result is a lowering of the ρ meson mass
Thus, the decrease in m * ρ is δm * ρ ≃ −30 − 24 − 10 = −64MeV
i.e., the δm * ρ is the drop to reach the in medium "on-shell" value. The ρ meson upon freezeout has a mass of ∼ 10% less than the free particle mass, which it gets up to by using up some of its kinetic energy.
The STAR
In a recent experiment, STAR [11] has reconstructed the ρ-mesons from the two-pion decay products in the Au + Au peripheral collisions at
GeV. They find the ratio of
almost as large as the ρ 0 /π − = 0.183 ± 0.001(stat) ± 0.027(syst) in protonproton scattering. The near equality of these ratios was not expected, in that the ρ meson width Γ ∼ 150 MeV in free space is the strongest meson rescattering that one has. For instance, at SPS one needs about 10 generations in order to get the dileptons [12] . Furthermore, if one assumes equilibrium at the freezeout, then the ratio is expected to come to several orders of magnitude smaller, say,
The ratio (8) has been given [14] a remarkably simple explanation using the notion of hadronic freedom which is defined below. The calculation was performed in kinematic conditions that are taken to be those met in the STAR experiment. The calculated result is
How this comes about is explained in detail by Brown, Lee and Rho [14] . Briefly stated, the factor of ∼ > 400 enhancement with respect to the equilibrium value can be understood as follows. Because of the decreased width due to the hadronic freedom, the ρ meson goes through only one generation before it freezes out in the peripheral collisions in STAR. But there is no equilibrium at the end of the first generation. Had the ρ possessed its on-shell mass and width with ∼ five generations as in the standard scenario, it is clear that the ρ 0 π − ratio would be much closer to the equilibrium value.
NA60 Dileptons
The in medium "on-shell" mass of the ρ, lower by δm * ρ with respect to the vacuum mass, is off-shell with respect to the vacuum. Our main point concerning the NA60 results, which we will develop in detail below, is that since vector dominance does not hold during the initial stages of heavy ion collisions, only part of the measured dileptons carry information about the ρ spectral function. Given the dilepton final product, it is thus far not possible to say which ones are in this sense relevant (i.e., come through an intermediate ρ) and which are irrelevant (i.e., do not involve the ρ). The latter could come from ππ collisions as well as a multitude of other processes. Thus, the case with electromagnetic interactions is, somewhat ironically, much more complicated, if not impossible, compared with the ρ → ππ case with strong interactions, where the δm * ρ was determined. One caveat, however, is that the role of the a 1 resonance in lowering the ρ mass and that of the N * (1520) in [8] must be recalculated, but our estimate is that the corrections for these will go in opposite directions, not changing the result much.
In most calculations of dileptons in the literature the a 1 (1260) plays a large role in that it has a very large width of 250 − 600 MeV for decaying into a ρ and a π. As we shall show later on, the decay of this ρ when it is offshell, below the 770 MeV mass of the vacuum ρ, gives many of the low-mass dileptons in standard calculations without the hidden local symmetry field theory. However, the in-medium a 1 is quite different from the vacuum a 1 and must be constructed so that it obeys the HLS constraint of hadronic freedom; i.e., that hadronic interactions go to zero as T → T c from below.
Hadronic Freedom
In this section, we develop the main theoretical framework that we will employ in our discussion.
The usual view of relativistic heavy ion collisions is that in the hadronic sector the interactions get stronger, or at least there are more of them as T goes upwards to T c . Empirically, the ratio of the various species of hadrons freezing out near T c are well described by Boltzmann factors, indicating equilibration.
The Harada and Yamawaki HLS predicts that as T → T c from below, hadronic interactions go to zero; in other words, just the opposite behavior from the generally accepted scenario. Brown, Lee and Rho [14] suggested that another STAR experiment [11] in which the ρ 0 /π − ratio was measured at freezeout, should decide between the two scenarios. The important, and nearly unique -in the RHIC experiments -feature of the STAR experiment was that the flash temperature, the temperature at which the hadrons went on shell, and therefore could interact strongly, was the same as the freezeout temperature. This was true because the data was for peripheral collisions; i.e., the same collision worked out in the analysis of Shuryak and Brown, which we discussed earlier.
The vector manifestation
The most important ingredient in our discussions is the "vector manifestation (VM)" in hidden local symmetry at high temperature and at high density. In the context of strong interactions, the structure of hidden local symmetry arises naturally when one attempts to go up systematically in scale from low-energy chiral Lagrangians of Goldstone bosons to the regime where the (Goldstone-only) effective theory breaks down due to the onset of new (heavier) degrees of freedom [15] . One approach where local gauge invariance emerges in this way is the "moose" construction [15] to model QCD that leads to a dimensional deconstruction of a 5-D Yang-Mills Lagrangian which describes low-energy hadronic dynamics in terms of an infinite tower of 4-D hidden gauge bosons gauge coupled to Goldstone bosons that appear as the Wilson line over the fifth component of the 5-D gauge field [16] . The infinite tower of hidden gauge bosons also arise from holographic dual AdS/QCD approach to strong interactions in which 5-D gravity theory when compactified, gives rise to 4-D hidden local symmetry theory [17] . The local gauge invariance in the 5-D bulk theory reflects the global chiral invariance in the 4-D gauge theory QCD which is made gauge-equivalent to hidden local invariance in 4-D. These bulk Lagrangians (in the gravity sector) are in a manageable form only for large N c limit and hence physical quantities are evaluated in terms of tree graphs, i.e., mean field. Unfortunately at present there is no fully systematic way to compute the corrections to the large N c which are expected to be important for physics near the critical point. Indeed, a recent work by Harada et al [18] who developed a technique to calculate the leading 1/N c (one-loop) corrections to the holographic dual AdS/QCD model of [17] in doing chiral perturbation theory shows that leading-order corrections could be important for certain ρ-meson properties.
The HLS effective field theory approach of Harada and Yamawaki [4] instead focuses on the lowest member of the tower and incorporates leading quantum corrections at one-loop order which play a crucial role in the context we are interested in. To do this, Harada and Yamawaki cut off the theory at a scale Λ M (near the chiral scale Λ χ ∼ 4πf π ) that lies above the lowest member of the tower, ρ, but below the next member, a 1 , make the Wilsonian matching to QCD at Λ M and compute quantum corrections with the bare Lagrangian so defined with the intrinsic background dependence duly incorporated at the scale Λ M . The Wilsonian matching effectively takes into account the physics associated with the degrees of freedom lying above the matching scale, including a 1 , glueballs, etc. They find that the theory has a fixed point consistent with chiral symmetry of QCD at which the ρ mass and the vector coupling constant g go to zero. This is the vector manifestation (VM) fixed point. It has been further shown that the VM fixed point is reached when matter is heated to some critical temperature T c [19] or compressed to some critical density n c [20] or if the number of flavors reaches a critical value N c f ∼ > 5 [4] .
The key point in the HLS approach for our discussion to be developed below is that it predicts that the vector-meson masses go to zero near the VM fixed point because the gauge coupling g goes to zero. That g goes to zero follows from the renormalization group flow for the gauge coupling g. At one loophigher loops are inaccessible at present -
where N f is the number of flavors and a = F 2 σ /F 2 π with F σ the decay constant of the scalar that gets higgsed to make the ρ massive and F π the pion decay constant. The parameter a also runs, so the flow structure of the coupled RGEs is more complicated than in QCD, but a is near 1 so the beta function is always negative. This means that g has an "ultraviolet fixed point" g = 0, that is, the HLS coupling g would go to zero if the scale µ were taken to infinity. Here the theory we are using is an effective theory defined up to the cutoff at the matching scale, so it is different from the asymptotic freedom in QCD where the cutoff is sent to infinity. In the present case, g flows to the fixed point when one approaches the chiral critical point. Since the interaction of the ρ meson to other hadrons is expected to be governed by this dropping gauge coupling constant as the critical point is approached, we may generalize this "pseudo-asymptotic freedom" notion to all hadronic interactions and refer to it as "hadronic freedom." What this means is that right below the critical point, there is a region where hadronic interactions are absent or negligible. Clearly this would make the scenario for heavy-ion dynamics drastically different from the standard (linear sigma model) scenario adopted by the heavy-ion community [21, 22] .
In order to implement VM/HLS in heavy-ion dynamics relevant to the STAR data, we need to introduce additional degrees of freedom to the π and ρ figuring in the original Harada-Yamawaki theory below the matching scale Λ M . It turns out that this can be done for the a 1 . In a recent important work, two independent groups, Harada and Sasaki [23] and Hidaka et al [24] , have incorporated the a 1 meson into hidden local symmetry framework and shown that there exists, among three possible fixed points, a generalized VM fixed point at which the gauge coupling g as well as the ρ and a 1 masses go to zero. We shall continue our discussion using this generalized VM fixed point.
3 Thus far, scalar mesons -which also figure in the counting of the relevant degrees of freedom -have not been incorporated. However there are two reasons to believe that the scalar mesons also join the vectors at the fixed point, going massless at that point with vanishing interactions. One is that the multiplet structure implicit in the calculations of [23, 24] is such that the scalar ("σ") meson joins either the a 1 or π, massless in the chiral limit. Another is Weinberg's mended symmetry for certain helicity-zero states [25] which suggests that at T c , π, ǫ, ρ and a 1 become massless with the vector and axial vector mesons becoming local gauge bosons.
The VM scenario (in the form of Brown-Rho scaling) has been found to be generally consistent with a variety of observables with no "smoking-gun" evidences against it [26] and furthermore somewhat surprisingly the VM/HLS fixed point is proven to be a good starting point even for certain processes taking place far away from the critical point [27] (see [28] for review). Although there is no rigorous theoretical proof, lattice or analytical, for or against it at the critical point from QCD proper, there is however evidence for it from a 3-color strong-coupling lattice calculation for dense matter [29] . On the experimental side, there is now unambiguous evidence for Brown-Rho scaling at near nuclear matter density, e.g. [30] , consistent with what has been observed in nuclear processes. However, to date there has been no direct experimental indication for VM near the critical point, temperature or density. We believe that the STAR ρ 0 /π − ratio does offer an experimental test for the VM (or GVM) scenario.
Flash temperature T f lash
Closely tied to the notion of hadronic freedom is the "flash temperature" and "flash density." A preliminary model to understand the STAR ratio (8) in terms of Harada-Yamawaki theory was given in Appendix C of Ref. [31] where it was suggested that due to the VM, the ρ meson was prevented from decaying into two pions until thermal freezeout. Our conclusion there was that essentially no ρ-mesons decay for about 5 fm/c as the temperature drops below T c into what is usually called "mixed phase," and then they decay at a temperature that we shall refer to as the "flash temperature" T f lash since nearly all the ρ and a 1 mesons decay at this temperature -the latter as a 1 → π + ρ → 3π. We will note later that T f lash ≃ T f reezeout (where T f reezeout is the freezeout temperature) for peripheral collisions, so that the pions coming from the vector-meson decay are able to leave the fireball without re-scattering.
The flash temperature T f lash can be defined following the work of Shuryak and Brown [8] of the STAR data. Shuryak and Brown determined the flash temperature to be the temperature at which the ρ was 90% on-shell, namely, when the ρ mass is 700 MeV. Whereas the flash temperature is independent of the centrality, this is not the case for the freezeout temperature T f reezeout . In fact T f reezeout decreases as the centrality increases. Thus, given T f reezeout ≃ T f lash for peripheral collisions, T f reezeout < T f lash for central collisions and in the time the system is between these two temperatures the pions from ρ and a 1 decay will be rescattered as it is no longer possible from their detection to work backward to the parent vector mesons.
It is possible to pin down the numerical value of the flash temperature from lattice calculations. We shall extract this quantity from Miller's lattice calculation [32] which we analyzed in [22] and which is given a precise interpretation in Appendix. The result is
How this result comes about can be summarized as follows. As pointed out in [22] , in Miller's lattice calculation of the gluon condensate, the soft glue starts to melt at T ≈ 120 MeV. The melting of the soft glue, which breaks scale invariance as well as chiral invariance dynamically and is responsible for Brown-Rho scaling, is completed by T c at which the particles have gone massless according to the VM. One can see that the gluon condensate at T ∼ 1.4 T c is as high as that at T ∼ T c . This represents the hard glue, or what is called "epoxy," which breaks scale invariance explicitly but has no effect on the hadron mass. We see that the melting of the soft glue is roughly linear, implying that the meson masses drop linearly with temperature. This connection between the melting of the soft glue and the dropping of the meson mass has recently been confirmed in QCD sum-rule formalism [33] .
Flash density and the phase structure of the hadronic free region
The region between the flash density and the chiral restoration density presents certain intriguing properties which are not well understood. We discuss them since they are perhaps relevant to the dilepton problem.
The STAR ratio focused primarily on the hadronic freedom in temperature although density was involved. For the dilepton issue, we need to address effects of both temperature and density. Now the situation with density is quite uncertain since there is little help, both theoretically and experimentally. HLS theory as it stands does not render itself to a description of density effects. One approach is to incorporate fermionic degrees of freedom explicitly in a way consistent with HLS. This has been formulated with constituent quarks (or more properly quasiquarks) for the fermion degrees of freedom, the conclusion being that the VM fixed point was intact, with the additional constraint that the quasiquark mass m Q went to zero in the chiral limit [34] . There is however one point which is not clear in this approach and that is, whether the quasiquarks are relevant or redundant degrees of freedom in HLS framework involving local gauge fields and pions. One might worry that the prediction of the STAR ratio, made above, will be spoiled by the additional quasiquark degrees of freedom if naively included. At the moment, we don't know how to consistently incorporate fermions explicitly.
An in-principle correct way to incorporate density effect is to generate baryons as solitons in HLS theory. This view is strongly supported by the recent development of holographic QCD where low-energy QCD dynamics is entirely captured by a bulk (gravity) theory involving an infinite tower of vector mesons. In this theory, baryons emerge naturally and inevitably as solitons, i.e. skyrmions. It has been suggested [35] that when hadronic matter is viewed as skyrmion matter in HLS/VM theory, between a certain density n p > n 0 and the chiral restoration density n c , a new phase emerges in which a = 1, F π = 0 and g ∼ 0.
In terms of topology, this phase is populated by half-skyrmions and resembles the pseudogap phase in high-T superconductivity. This phase has been identified in [35] as the hadronic freedom region in density, with n p = n f lash . This means that we can take a = 1 from n f lash to n c . This is a much clearer indication that in dense matter, with or without temperature, a should be taken to be close to 1. At n c there is an enhancement of symmetry corresponding to Georgi's vector symmetry. This implies that hadronic freedom is a lot more subtle in density than in temperature, which is more the reason why dense matter is much less understood than hot matter. In this connection, it is worth noting that large N c considerations indicate that the currently accepted phase diagram at low temperature but at high density may have to be revamped [36] .
An alternative view of the hadronic freedom region is in terms of quasiquarks. The idea is to identify the flash point as the point where hadrons transform to quasiquarks, which become massless at n c . It is not known how to "fermionize" the HLS/VM theory. It seems reasonable to assume that in such a fermionic theory, the quasiquaks interact weakly in accordance with "hadronic freedom." With the small but non-zero current quark masses that keep pions massive, however, the transformation of hadrons into quasiquarks may not be uniform, but produce a mixed phase.
3.4 The ρ 0 /π − ratio and HBT
As the plasma decreases in temperature towards T c , lattice gauge calculations [37] show a set of 32 SU(4) degenerate vibrations 4 : scalar, pseudoscalar, vector and axial vector. The widths become large as T → T c from above [31] . It seems reasonable to connect these with the SU(4) group of mesons, including the ρ of the HLS vector manifestation, becoming massless (except for a small spin-spin interaction effect) as T moves up to T c from below. As shown in [31] , aside from the background η and ω, these 32 mesons decay as they go on shell to give 66 pions (three of them being already present in the 32 SU(4) mesons). Thus, taking the 22 π − mesons and subtracting 3, which are traced back to the vertex inside the plasma where the ρ 0 was formed, one has
This number is about the same as the ρ 0 /π − ratio measure in pp scattering. However, as noted earlier, the vacuum ρ has a width of 150 MeV so its lifetime is only /150 ≃ 4/3 fm/c and in proceeding from T c to the flash point where the ρ goes on shell, which we shall find to be at ∼ 120 MeV, there should be several generations of ρ → 2π → ρ, whereas our estimates show that there are none; the ρ's move from T c to T f lash without interaction.
Note that even the 3 pions in the original SU(4) will interact only weakly, because their stronger interaction goes via σ and ρ exchange, and these do not interact appreciably until T reaches T f lash .
Between T c and T f lash the interactions are essentially zero, so the system expands freely. We therefore conserve energy and we should set the energy at T f lash equal to that at T c in order to obtain the volume of the system at T f lash .
Taking out the η and ω background, there are 28 massless bosons at T c , so their kinetic energy per unit volume is 14 times the energy per unit volume of photons, which have two degrees of freedom (spin). Thus, the energy per unit volume is the Stefan-Boltzmann law of radiation
where we measure T in MeV.
At the flash point, where the ǫ, ρ and a 1 have decayed into pions, we have 66 pions, as noted earlier, but 9 of them came from ρ's where the pion vertices were reconstructed in the time projection chamber. There will additionally be 9 ρ's from a 1 's, which will have decayed into π's and ρ's. Thus, in total, there will be 57 pions plus 18 ρ's. Now the temperature at which the energy is equal to that at T c , which we call E equal , will will be high enough so that the pion energy is essentially its thermal energy
and we shall find T equal to be so that the energy of each ρ, essentially its rest mass since the thermal energy is small, is ∼ 2E π . Thus, at T equal , the total energy density is
We can find T equal by setting this equal to E(T c ) so that
or
Now, once the two energies become equal, it still takes ∼ 1 fm/c in time to equilibrate, so the temperature by that time which is the flash temperature, is
Taking the mesons to be massless during the expansion, we find
Thus, the system, which has roughly the shape of a cucumber with the length about half the width, expands by this factor before hadronic interactions set in. This should be helpful in resolving the Hanbury-Brown-Twiss puzzle in which all of the three directions: outward bound, sideways flow and longitudinal, are nearly equal.
Dileptons
We now turn to the mechanisms that suppress dileptons in hot and/or dense matter.
Violation of vector dominance
In applying the notion of hadronic freedom to dilepton production in heavyion collisions, we first need to understand how a photon couples to hadrons in dense/hot medium. The aim is to single out the decay process (ρ, ω) → l + l − in the spectral function in the (ρ, ω)-meson channel. We will mainly use HLS theory involving ρ and ω but we will comment on what happens in holographic dual QCD where an infinite tower of vector mesons figure in the process. In HLS, the photon couples to the pion as shown in Fig. 1 with the coefficients containing the parameter a multiplied as indicated in the caption. This is what is measured in the dilepton experiments with l = µ, e. Now in free space, a comes out to be equal to 2. This value gives the celebrated KSRF relation
π g 2 as well as other low-energy quantities in agreement with lowenergy theorems. For this value of a, the direct coupling Fig. 1(a) vanishes, thereby giving rise to the well-established "vector dominance" (VD) in the matter-free space. In turns out that in HLS theory, vector dominance is merely an accident since a = 2 is not even on a stable RGE trajectory of the theory connected to the vector manifestation fixed point -which is the property of QCD. This means that there is nothing sacred about a = 2, that is, there is nothing which says that VD should be valid other than accidentally for the pion in the matter-free space. In particular, there is no reason whatsoever why VD should hold in medium at non-zero temperature and/or density. This is the crucial point which has been missed in all publications in the literature addressed to the NA60 and related dilepton processes.
Indeed, it has been shown by Harada and Sasaki [38, 39] that VD is generically violated in hot matter, and maximally violated with a going to its fixed point a = 1 as T → T c which can be taken in HLS/VM theory as a signal for chiral symmetry restoration. In dense matter, although a will go to 1 at the critical density, the situation is a lot more subtle. How the photon couples to the nucleon can be given pictorially by Fig. 1 with the pion replaced by the nucleon. It is well-known that vector dominance with a = 2 fails badly for the nucleon EM form factor. Indeed, a ≈ 1 gives a fairly good fit to the data. Thus, even in free space, VD is violated strongly. In dense matter, there are evidences coming from electron scattering from nuclei that a should go precociously to 1 already at nuclear matter density [26] . The half-skyrmion structure discussed in [35] , as mentioned, offers further support that a → 1 at the flash density n f lash .
Thus the contribution generated through the direct γππ vertex indicated by (a) in Fig. 1 becomes more important above T flash [38, 39] . Besides, it is expected to have a large contribution to dileptons from π-π re-scattering in matter which would screen the mass-shifted vector mesons off from the yield. Such many-body effects indeed generate a major contribution under the SPS condition. This is evidenced by that there is no dramatic difference between the calculated yields incorporating collisional broadening with and without BR scaled ρ meson [40, 41] . These calculations resort to vector dominance and ignore other suppression factors detailed below. Hence roughly speaking, the dilepton yields from BR scaling mesons in these calculations are exaggerated by as much as an order of magnitude (as we will argue below). This indicates that the dropping mass, which directly connects with a melting chiral condensate, is totally hidden by non-chiral effects that were mainly seen in NA60 data.
The role the parameter a plays in the dilepton suppression could eventually be elucidated in holographic dual QCD (hQCD). In hQCD, full vector dominance is found to hold for all hadrons with the infinite tower saturating the form factors. Thus the nucleon form factors are also vector dominated [43] . In this theory, there is nothing special about the VD with a = 2 in HY's HLS theory. This also means that there is nothing special either about a → 1 in dense and hot matter. If HY's HLS theory can be considered as a truncated theory obtained from the infinite tower theory in hQCD by integrating out all except the ρ and ω in the tower [18] and matched to QCD at the scale Λ M , the parameter a in HLS/VM must be playing the role of the higher lying vector mesons. It is thus possible that a could be much less than 1 at high temperature and/or density.
Suppression of dileptons in the hadronic freedom region
There are several sources for the dimuon suppression in the hadronic free region from (T c , n c ) to (T, n) f lash . In this region, the ρ meson interacts weakly. Its decay to a lepton pair is suppressed both in the EM sector and in the hadronic sector. Notable among the possible suppression mechanisms are:
(1) VD violation: In the EM sector, the violation of VD reduces the ρ → l + l − decay rate by a factor of 4. This reduction sets in more quickly in the presence of baryonic matter.
(2) Wave function suppression: At the VM fixed point, the transverse ρ decouples from the vector current as the gauge coupling g goes to zero. In terms of the quasiquark picture, this would imply, in the hadronic sector, the suppression of the bound zero-mass quasiquark-quasiantiquark wave function of the ρ meson, |Ψ ρ (0)| 2 . This effect is encoded in HLS theory by the suppression of the γρ coupling which gives a factor of ∼ 2 reduction as explained below. (3) Phase space suppression: Because of the dropping gauge coupling g, a ≈ 1 and the dimuon threshold mass of 210 MeV, the phase space for the decay is suppressed by a factor ∼ 2.
Taken together, we estimate that the dilepton production from BR scaled vector mesons, i.e. ones that are on-shell in medium but off-shell in vacuum, is suppressed by a factor of ∼ 10 − 16 from the naive calculation reported in the international Quark Matter meetings, e.g., that of Rapp [2] .
Although many-body baryonic interactions seem to play a crucial role in dilepton production in SPS in certain hadronic models [42] , their effects may not be so dramatic under RHIC or LHC condition. Thus width broadening induced by baryonic many-body interactions would be relatively small in the ρ self-energy. The ρ width might be somewhat narrower;
with the width in baryonic Γ B and non-baryonic Γ NB matter. Since the spectral function is inversely proportional to the width, the mass-shifted ρ mesons could have a better chance to show up in dilepton measurements in RHIC and LHC although they will still be subject to the suppression mechanisms listed above.
Off-shell effects for dileptons
The NA60 has now carried out the m ⊥ measurement and constructed the "effective theory" along the line of flow, i.e., the effective description for the blue-shifted T ef f , T ef f =
T where the β T refers to the flow. They construct the ρ to be subtracted, matching T ef f of the maximum to the data at the pole position (T ef f = 300 MeV), assume m T scaling across the wide ρ resonance and normalize to data in the mass window 0.6 < m < 0.9 GeV. We claim that this is the free-space on-shell ρ meson. Indeed, the flow which is shown in Fig.2 is not only that for the ρ, ω and η's, but for the pions also. All of these must be on shell in order to have large enough cross sections to undergo flow.
In what we covered in previous sections we dealt with ρ mesons which were off-shell with respect to free ρ mesons. Their decay into two pions was stifled until they went on-shell at the flash point of T ≈ 120 MeV. This was also T freezeout so the ρ meson froze out at mass m ρ ∼ 700 MeV, and got back the last part of its mass from its kinetic energy. Now let us discuss what happens to the dilepton production when the ρ is offshell between T c and T freezeout . It is of course the same off-shell ρ that decays as in the strong interactions, but the interactions are now different. Although one should perform the renormalization group calculation to find a * , in general as movement is made from the on-shell ρ, a * goes rapidly from 2 to 1, this is not only because of the temperature but also due to the baryonic environment. One can see in the work of Shuryak and Brown [8] that this drop is sudden, at T = 120 MeV, with increasing T . Therefore, we assign a * = 1 to the region from 120 MeV to T c . Note that the range of ρ-meson energies is 0 to 700 MeV, so that we are discussing ρ-mesons with energy below the on-shell ρ-mass of 770 MeV. Therefore, we should look to the low mass part of the spectrum. Now a very helpful article on radial flow of thermal dileptons by R. Arnaldi et al. has just appeared [44] . They plot T eff in an effective theory along the line of flow, which produces a blue-shifting
and in which the Boltzmann factor m is replaced by m ⊥ , the mass perpendicular to the flow. Since the flow develops only late, after the hadrons have gone on shell, the amount of blue shift tells one about how late the hadrons emerge. The sudden decline (and therefore flow) in T eff at masses > 1 GeV is most naturally explained as a transition to partonic processes likeqq → µ + µ − . Fig. 2 . Out of the blue-shifted hadrons, the dileptons from the ρ are shifted the most. They are reconstructed on the (steepest) dashed line. Between the dashed and solid lines, the ω, φ and η will flow somewhat less than the ρ's, but nonetheless are blue shifted. The T eff for the ρ has 300 ± 17 MeV for the peak, and 231 ± 7 MeV for the underlying continuum in the window 0.6 < M < 0.9 MeV. Reproduced from Fig. 4 of [44] .
The ρ-meson is reconstructed as the peak on the broad continuum. In fact, the on-shell ρ can be reconstructed from this, say, Fig. 3 . By disentangling the peak from the continuum Arnaldi et al. find T eff = 300 ± 17 MeV for the peak and 231 ± 7 MeV for the underlying continuum in the window 0.6 < M < 0.9 MeV. The latter is suggested as coming from the η, ω, and φ, which freeze out earlier due to their smaller coupling to the pions, the latter producing the flow. Note that the ω and η are included in the SU(4) of particles which go massless at T c .
So where does that leave the off-shell ρ's? They must be found in the bump below 600 MeV (see Fig. 1 of [3] ). With (a * /a) 2 = 1/4, the factors on the electromagnetic side of the dilepton production are such that half of the dileptons come through the ρ, and therefore carry information about the ρ spectral function, and half come from processes such as that shown in Fig. 4 .
There will be further hindrance for the dileptons which come through the ρ meson on the hadronic side, because the dileptons are similar to a photon, to the extent that their masses are small compared with their invariant energy, so that there is an approximate factor
of the probability of the off-shell ρ meson being at its origin. This gives rise roughly to a factor of 2 reduction. This can be seen in HLS as follows.
The photon couples to the ρ with the coupling ∼ a * g * F * π 2 (where the asterisk stands for in-medium quantity) which goes to zero when the VM is approached, i.e., g * → 0. The vanishing of the photon coupling manifested in the vanishing gauge coupling represents the vanishing of the ρ wave function at the origin, |ψ ρ (0)| m * ρ =0 = 0, when the mass goes to zero. 5 What is relevant to us is the pion-loop correction δ to the γρ coupling g γρ
with F * π /F π ≈ 1. The density dependence of δ has not yet been computed in HLS but its temperature dependence has been computed in Ref. [39] as
for T f lash ≈ 120 MeV and T c ≈ 175 MeV. This increases the reduction factor (a/a * ) 2 = 4 by an additional factor ∼ 1.6 − 2.8 to ∼ 6.4 − 11.2 for the dilepton rate in the hadronic freedom regime. Given that the density effect is not included in the loop correction, it seems reasonable to take the effective reduction factor to be ∼ 10.
One can arrive at a similar (additional) reduction factor from a phenomenological point of view. Integrating the contribution from off-shell ρ mesons down from T c , we first find that the integral begins at 2m µ ∼ 210 MeV, because the muon masses must be furnished, and then continues down to the nearly on-shell ρ mass of ∼ 700 MeV, the remaining 10% to put the ρ completely on shell coming from the kinetic energy. However, the off-shell ρ masses are essentially zero 6 at T c [45] behaving as if they have a quark substructure of two massless quarks, coupled to a massless ρ. In the integral going down from T c the integrand, beginning from zero at 2m µ , would be expected to increase as the ρ goes back on shell, towards the value of the on-shell ρ because of the effect onψ ρ ψ ρ (0) from the increasing correlations as the ρ goes on shell. It seems reasonable to approximate the entire effect ofψ ρ ψ ρ (0) by a linearly increasing function which starts from zero at 2m µ and goes to 1 at T = T flash = 120 MeV, where the ρ mesons go on shell. This will cut the dileptons that go through the ρ spectral function down by a factor of ∼ 2.
In summary, we expect the "irrelevant" (to the ρ meson) dileptons to be cut down by a factor of ∼ 2 and the "relevant" ones that come through the ρ 5 In the vector-meson mediated coupling to the pion, there will be a propagator of the form 1/(q 2 − m * ρ 2 + c) with m * ρ 2 dropping as ∼ g * 2 and c a standard manybody self-energy term. The quantity c is not immediately calculable in HLS theory without introducing other degrees of freedom such as baryons (i.e., skyrmions), N * 's etc. We assume that it does not vanish as g * → 0. 6 The SU (4) symmetry at T c is slightly broken by the spin-dependent force, but the inertial parameter p 0 is large, so the mass is only ∼ spectral function to be decreased by a factor of ∼ > 4; the latter occurring mostly near the flash point. The latter are well and truly dileptons from offshell ρ's, essentially the only ones in NA60, as we shall develop. Out of these, finding the ∼ 1/3 that go through the ρ spectral function is like looking for a needle in a haystack, because it would involve calculating the dileptons from the pions, etc. and then discarding them.
Role of the a 1 Meson
Dusling, Teany and Zahed [46] fit well the part of the dilepton spectrum below the ρ meson mass around M = 500 MeV by invoking effects from the a 1 meson at 1260 MeV. We have reconstructed these and find that in the amplitude of 
i.e., for k 0 ∼ 500 MeV this contribution is well and truly off-shell. Thus, in HLS-VM it should be cut down by a factor of (a * /a) 2 ∼ 1/4, the remainder coming from pions, etc. that are irrelevant for the ρ spectral function. However, the BLR [14] story is quite different from the approach in [46] . The BLR approach is based on all 32 hadrons in the SU(4) being massless at T c , getting their mass back at the flashpoint, here T flash = 120 MeV. Thus, this a 1 (which has an immense on-shell width of ∼ 200 − 650 MeV) suddenly goes on shell, immediately changing into a ρ + π. The ρ goes immediately into flow.
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So we believe that the ρ mesons remain on shell during the flow and freeze out at T flash .
Let us now total the number of factors which cut down the number of off-shell ρ's compared with on-shell ones:
(1) The (a * ) 2 for off-shell ρ's is ∼ 1/4 that for on-shell ones. (2) The kinematical factor (ψ * ψ(0)) is ∼ 1/2 that for off-shell ρ's compared with on-shell ones. (3) The number of on-shell ρ's is doubled at the flash point by the a 1 's which decay there into on-shell ρ plus π.
Thus, when we are through, we estimate that the off-shell ρ's are suppressed by a factor of ∼ > 10 compared with the on-shell ones. It clearly is an almost impossible task to isolate the dileptons from the off-shell ρ's (which are invisible in the flow), from the much more copious production of the pions, which give dileptons irrelevant for the spectral function of the ρ. The flow confirms that it is not possible to identify ρ 0 's that do not take part in the flow (the ρ 0 's produced off-shell will not interact strongly with other particles until they go on shell).
We should note that there is a tremendous number of π mesons. The ρ 0 /π − ratio of ∼ 0.14 means ∼ 20 pions per ρ 0 and this super heated pion gas will give a lot of dileptons. We suggest that most of the dileptons of energy well below the ρ in mass come from these.
Indirect Evidences for Brown-Rho scaling
The question as to where Brown-Rho scaling manifests itself has been addressed in a number of review articles written by two of us (GEB and MR), but a brief comment may be in order to remind that the issue is not whether Brown-Rho scaling is "seen" but rather how it can be directly exposed.
Given that dileptons suffer from the decoupling of the vector meson and the violation of vector dominance, an alternative way would be to exploit a process which is free of both. One such possibility is to look at processes that involve vector mesons mediated by the anomalous part of HLS Lagrangian, that is, the Wess-Zumino term. For instance, the vertex ωπγ which is totally vectordominated 8 is independent of a in HLS theory, is not affected by temperature or density. However it gets suppressed by the dropping gauge coupling g, so the propagation of the ω meson should be measured away from the VM fixed point. This is precisely what was done by the Bonn-CBELSA/TAPS collaboration [47] on the mass-shift of the ω meson in γ + A → ω + X → π 0 γ + X ′ . Since this measurement is made in finite nuclei, it is the BR scaling (26) that is probed in this experiment. See Eq. (36) in Appendix. As far as we know, this is the only direct positive evidence for Brown-Rho scaling in the vicinity of nuclear matter density.
On the contrary, there are quite a few "indirect" evidences for BR scaling in nuclear physics. The situation here is analogous to that of meson-exchange currents in nuclei. To "see" (26) in nuclei, we have to understand in what way that quantity figures in nuclear dynamics. As has been extensively discussed, e.g., in [48, 26] , in a chiral Lagrangian which in mean field, describes the Landau-Migdal Fermi liquid structure of nuclear matter, the relation (26) figures in the effective mass of the quasiparticle and Landau parameters. Here we are identifying the parametric F π with the physical f π which is valid at the mean field level. This reasoning led, to name a few, to the successful relation between the anomalous orbital gyromagnetic ratio of the proton in nuclei and the scaling Φ [49] , to the explanation of enhanced axial charge beta transitions in heavy nuclei, i.e. "Warburton ratio" by the factor Φ(n 0 ) −2 [50] etc.
In a related way detailed in [48] , one can use an HLS Lagrangian with the intrinsic density dependence (26) taken suitably into account, to construct a nuclear potential in the spirit of chiral effective field theory (see [48] ). At the simplest level, the vector meson mass in the meson-exchange potential will scale as (26) . This aspect has been taken into account in constructing tensor forces in an effective field theory approach and in providing a simple and elegant resolution to the long-standing puzzle of the carbon-14 dating beta transition [51] .
Conclusions
Brown-Rho scaling was a prediction based on effective field theory, not a hypothesis or a conjecture as often stated, in a phenomenological attempt to build the main feature of chiral invariance, the behavior of the broken chiral symmetry which gives hadrons, other than the pion, masses. A great deal of activity had been spent in the years preceding Brown-Rho scaling to introduce quarks as substructure of the hadrons into nuclear physics. Whereas there were some successes, such as in the chiral bag model, color transparency, etc., there was not a broad theoretical basis for the many-body problem. A local field theory that did just that by matching to QCD was introduced by Harada and Yamawaki in HLS. Brown-Rho scaling was shown to be a property of the hidden local symmetry in vector manifestation. It also came out naturally in strong-coupling lattice gauge calculations in the large 1/d expansion (where d is the number of space dimension) [29] .
The original idea of Brown-Rho scaling was that in medium, because of background density or temperature, hadron masses, other than that of the pion, had to be scaled. In early phenomenological papers Brown and Rho looked at nuclear structure which involved the tensor interaction. In the tensor interaction the ρ meson and π enter with opposite signs. Since the pion is unaffected by chiral restoration, whereas the ρ meson mass decreases, the tensor force was predicted to be most sensitive to Brown-Rho scaling. The role of Brown-Rho scaling in effecting the archaeologically long lifetime of the 14 C decay [51] is a striking confirmation of this. It gives an indirect but striking evidence that the ρ meson (parametric) mass does decrease ∼ 15% as the density increases to ∼ 85% of nuclear matter density.
Many of the would-be tests of Brown-Rho scaling came in relatively complicated many-body problems, where collective phenomena which had their origin in the usual nuclear physics entered. Usually these collective phenomena pushed the ρ meson mass up, whereas Brown-Rho scaling pulls it down. The lack of a net effect was used as an argument for the absence of Brown-Rho scaling. The collective effects are quite complicated to calculate, due to the large imaginary parts of their energy which imply large spreads in the energy and, therefore, short lifetimes of the states. The 14 C calculation is conceptually very simple and straightforward compared with these, so we feel one should rely on it. Just as a certain part of Brown-Rho scaling is connected to the Landau Fermi-liquid parameter F 1 [49] , the density dependence brought in by Brown-Rho scaling can also be associated with an effect coming from an infinite sum of many-body forces in the vector channel [52] which means that a standard nuclear physics approach with many-body forces would capture a part, though not all, of what Brown-Rho scaling does.
The most vehement denunciation of Brown-Rho scaling came in the NA60 dilepton experiments. There they took theoretical calculations of Rapp [12] of an earlier version of Brown-Rho scaling, which were systematically below his curve in the region of ρ masses ∼ 500 MeV, rescaled this curve by a factor of 2.5 until it was a green line well above his curve, and since it greatly "overpredicted" experiments, said that Brown-Rho scaling had been disproved. (The green line is still present in the NA60 talks reproduced on the web.) We find it unethical to take other people's calculations, rescale them secretly, and then represent them as Brown-Rho scaling.
In any case, what we find here is that the NA60 experiment gives results only for the on-shell ρ's, so that there is no possibility of testing Brown-Rho scaling, which depends on the off-shell (with respect to the matter-free vacuum) behavior.
The many dileptons in M below the ρ mass come in large part from pions, and have no relevance for the ρ spectral function. Obviously there are much simpler ways to measure the on-shell ρ spectral function than through dileptons.
Earlier, in the ρ 0 /π − ratio measurement by STAR, direct evidence of hadronic freedom was given by Brown, Lee and Rho [14] . We have shown that the same off-shell algebra which describes this large ratio, orders of magnitude greater than the commonly accepted scenario of hadronic equilibration in going upwards toward T c , together with the scaling of a * down to an effective a * ≤ 1 for off-shell ρ production, minimizes the dileptons from off-shell ρ's and maximizes those from pions, etc. The net result of only on-shell ρ's ironically makes it impossible to test Brown-Rho scaling, which has its formal basis in the hidden local symmetry theory. We admit that this has been an unforseen result.
The effect of the hadronic freedom on the Hanbury-Brown-Twiss will tend to equalize the correlations in the outward, sideways and longitudinal directions, as pointed out in [48] . Serious attention should be paid to working this out in detail.
Brown-Rho scaling can appear in complex nuclear interactions in a simple but very subtle way. It is not just a naive shift in the pole mass in physical amplitudes or spectral functions. It is the behavior of the parametric mass and coupling constants in hidden local symmetric Lagrangian that tag the behavior of the quark condensate, not the kinds of stuff that figure in phenomenological approaches mostly used in the literature. That one can calculate such quantities as the orbital gyromagnetic ratio δg l in heavy nuclei, the Warburton ratio in beta decays etc. in a much simpler way than in full-scale shell-model calculations attests to this subtlety.
Dileptons from heavy ion collisions do not provide the snap-shot of what's going on inside dense/hot matter. In fact the same argument would apply to dilepton productions in cold environment as at JLab at a density n ∼ < n 0 .
So how to go about confronting our claim with the NA60 data?
In principle simple! Just take a good honest spectral function that correctly accounts for in-medium "on-shell" ρ's with a ∼ 1 signalling the chiral symmetry restoration and resonance gas, coming, i.e., from the admixture with a 1 and other excited states of the ρ near that of the original ρ, describing collisional broadening plus other garden-variety strongly interacting hadronic processes. That should surely fit the data. Dileptons from BR-scaling vector mesons -which could very well be present though highly suppressed -will be swamped by the huge background of dileptons that have nothing to do with the chiral property of the medium.
What we have discussed in this paper pertains to the SPS kinematic conditions where both high temperature and density intervene. It might be quite a different situation in the RHIC and ALICE/LHC conditions where higher temperature but less density will be involved. It would be a challenge for both theorists and experimentalists to devise clever experiments that could unambiguously zero in on signals for dropping mass in the conditions available at RHIC and LHC.
Appendix
In this appendix, we briefly summarize the essential features of the ideas that are found in the literature.
Hidden local symmetry with vector manifestation
In addressing how light-quark vector mesons behave in hot and/or dense matter using effective field theories, there are three essential requirements: (1) the vector mesons have to be explicit degrees of freedom; (2) although the vector mesons are much heavier than π, i.e. m V ≫ m π , in free space, one should be able to treat systematically and consistently the vector mesons whose mass could go down to the level, m V ∼ m π , at some temperature T and density n and (3) the effective theory should be matched to QCD at some matching scale. The only effective theory we know of that incorporates all these three ingredients is hidden local symmetry (HLS) theory of Harada and Yamawaki [4] . The point (1) is obvious and is taken into account by everybody addressing this problem. The point (2) is made feasible by introducing the vector mesons as local gauge fields. Without exploiting local gauge invariance, it is difficult to handle vanishing vector meson mass. The point (3) is required so that the gauged chiral Lagrangian does flow to QCD as the scale is raised. Otherwise, the gauge theory can wind up giving results that have nothing to do with QCD when the temperature reaches the critical value. All these points are clearly stated and demonstrated in the Harada-Yamawaki (HY) work. We note that all of the phenomenological chiral Lagrangians used by other workers lack the requirements (2) and (3).
For definiteness, consider 2-flavor HLS theory with the U(2) gauge fields V µ = (ρ µ , ω µ ). HY's HLS Lagrangian at the chiral order O(p 2 ) in the chiral limit has three parameters, the gauge coupling g and the two decay constants F π and F σ that figure in the chiral field U with coordinates in the coset space G/H (to which G × H local is gauge equivalent)
ξ L,R = e iσ/Fσ e ∓iπ/Fπ , [ π = π a τ a /2 , σ = σ a τ a /2] ,
where π denote the Nambu-Goldstone (NG) bosons associated with the spontaneous breaking of G chiral symmetry and σ denote the NG bosons associated with the spontaneous breaking of the local H local symmetry. At the next chiral order, there are many terms that we don't need to write down here. They are taken into account in [4] .
As shown in [4] , HY's HLS Lagrangian is amenable to a systematic chiral perturbation theory with the vector meson mass considered on the same footing as the pion mass in the chiral counting. One-loop renormalization-group analysis reveals a variety of fixed points, including a fixed line in the parameters (g, F π , F σ ). Matching to QCD at a given matching point Λ M in terms of the vector and axial vector current correlators and requiring that the vector correlator equal the axial correlator when the quark condensate -which is the order parameter of chiral symmetry -vanishes, i.e.= 0, picks one particular fixed point called the "vector manifestation (VM)" fixed point
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(g * , a * ) = (0, 1)
where a = (F σ /F π ) 2 . The important finding in this HLS theory is that a hadronic system in heat bath is driven to this fixed point when tempera- 9 The gauge symmetry defined in this way is a hidden symmetry but it can be more properly considered as an "emergent gauge symmetry" as described in [54] . 10 This fixed point was established at one loop order but it is not difficult to convince oneself that this fixed point is unaffected by higher-order graphs. There are several ways to see this. The simplest is the following. Although higher-loop calculations are not available, it has been proven by Harada, Kugo and Yamawaki [53] that the tree-order low-energy theorems remain rigorously valid to all orders. In particular the dimension-2 operators in the effective action remain the same to all orders. This means that the crucial relation in HLS, i.e., m 2 ρ = af 2 π g 2 , holds to all orders. The mass, therefore, goes to zero as g goes to zero. Now the matching condition at the matching scale Λ says that g = 0 when= 0 and since g = 0 is a fixed point of the RGE for g at any order (higher loops bring in higher powers in g in the beta function), it will flow to zero at the point where the condensate vanishes. One can also see that a = 1 + O (g 2n ) near= 0 where n is the number of loops, so near T c the correction to 1 is small and at T c , a = 1. Therefore we have the VM fixed point intact.
ture approaches the chiral restoration temperature T c (and also when density reaches its critical density n c ) 11 . Note that the parametric pion decay constant F π does not figure in (29) . This is because it does not possess anything special at any temperature. However at the pion on-shell, it is canceled at T c by thermal loop corrections so that the physical pion decay constant f coupling which runs tagged to the quark condensate. Thus the mass of the vector meson goes like
where M v and m v are, respectively, the parametric and pole masses. In order to see where this scaling sets in, we resort to lattice information which is available in temperature. The useful information comes from the unquenched lattice data of Miller [32] on the gluon condensate in heat bath, which we show in Fig.6 . As explained in [48] (where previous references are given), we can approximately separate the gluon condensate into two components
where the subscript "soft" and "hard" denote the scale of the condensate. It has been suggested [48] that the "hard" component that remains condensed as one goes up across the critical temperature T c be associated with an explicit breaking of scale invariance caused by the trace anomaly of QCD and the "soft" component that starts melting at T ∼ 120 MeV be linked to a spontaneous breaking of scale invariance. It has been postulated that the soft component is associated with what generates hadron masses and hence the spontaneous breaking of chiral symmetry. Now from this lattice result, we obtain the following simplified picture: The gauge coupling g remains constant from T = 0 to T ∼ 120 MeV and then drops steeply, going to zero at T c ∼ < 200 MeV. For the reason that will be clarified below, we call the temperature at which the soft glue starts melting "flash temperature" T f lash .
